Previous studies in animal models and humans have shown that exposure to nutritional deficiencies in the perinatal period increases the risk of psychiatric disease. Less well understood is how such effects are modulated by the combination of genetic background and parent-oforigin (PO). To explore this, we exposed female mice from 20 Collaborative Cross (CC) strains to protein deficient, vitamin D deficient, methyl donor enriched or standard diet during the perinatal period. These CC females were then crossed to a male from a different CC strain to produce reciprocal F1 hybrid females comprising 10 distinct genetic backgrounds. The adult F1 females were then tested in the open field, light/dark, stress-induced hyperthermia, forced swim and restraint stress assays. Our experimental design allowed us to estimate effects of genetic background, perinatal diet, PO and their interactions on behavior. Genetic background significantly affected all assessed phenotypes. Perinatal diet exposure interacted with genetic background to affect body weight, basal body temperature, anxiety-like behavior and stress response. In 8 of 9 genetic backgrounds, PO effects were observed on multiple phenotypes.
| INTRODUCTION
It is now well-established that the risk for developing a psychiatric disorder is influenced by a combination of genetics, the environment and gene-by-environment interactions. 1 The complex etiology of psychiatric disease, whereby risk is likely due to the actions of hundreds or thousands of genes as well as numerous and largely undefined environmental factors, has made it difficult to pinpoint mechanisms and improve treatment and prevention strategies.
One potentially modifiable environmental factor that has been linked to increased risk of psychiatric disorders is perinatal exposure to nutritional deficiencies. Longitudinal studies of the Dutch Hunger
Winter and Chinese Famine cohorts have shown that perinatal nutritional deficiency increases risk for developing schizophrenia, [2] [3] [4] [5] [6] [7] affective disorders [8] [9] [10] [11] and addiction 12 later in life. However, not all individuals exposed to perinatal nutritional deficiencies develop psychiatric disorders, suggesting potential interactions between the perinatal environment and genetic background. Published studies further suggest this interaction could be modulated by genomic imprinting, a phenomenon in which an allele is preferentially expressed depending on its parent-of-origin (PO); 13 for example, the expression of imprinted genes IGF2, GNASAS and MEG3 were persistently altered in exposed vs unexposed siblings from the Dutch Hunger Winter cohort. 14, 15 Approximately 150 imprinted genes have been identified, many of which are highly expressed in the brain. 16, 17 Imprinted genes are known to be key regulators in prenatal development and postnatal growth, 18 and dysregulation of imprinting has been shown to result in developmental disorders such as Prader-Willi, Angelman,
Beckwith-Wiedmann and Silver-Russell syndromes, all of which result in growth and behavioral alterations. A growing number of rodent studies show the persistent effect of perinatal nutritional deficiency on behavior in adulthood. Adult rodents exposed prenatally to vitamin D deficiency (VDD) show alterations in behaviors that model schizophrenia, including enhanced sensitivity to amphetamine, 19 spontaneous hyperactivity [20] [21] [22] [23] [24] and decreased sustained attentional processing. 25, 26 Rodents exposed to prenatal protein deficiency (PD) exhibit alterations in behavioral models of schizophrenia including enhanced sensitivity to amphetamine 27 and decreased prepulse inhibition and startle response; 28 behaviors that model affective disorders including increased depressive-like [29] [30] [31] [32] and anxiety-like behaviors; 30, 33 and addiction-like behaviors including enhanced sensitivity to cocaine. 32, 34 Rodents exposed to methyl donor deficiency (ie, choline, folate) during some part of the perinatal period display increased anxiety-like behaviors 35, 36 and alterations in learning ability and memory. 36, 37 A few studies in rodents have also reported strain differences in behavior after exposure to perinatal nutritional deficiencies, 23, 38, 39 although genetic-background dependent effects are largely unexplored in animal models. Rodent models also support the hypothesis that perinatal nutritional deficiencies lead to the dysregulation of imprinted genes and mediate behavior. Two studies using mice have reported alterations in the imprinted genes Cdkn1c and Igf2 following perinatal exposure to PD 32 or methyl donor deficiency. 40 In this study, we used a recently established mouse resource, the Collaborative Cross (CC). 41, 42 The CC is a panel of recombinant inbred strains with each strain derived from an independent cross of 8 inbred founders. The 8 founders, composed of 5 classical laboratory strains and 3 wild-derived strains, capture 90% of the common genetic variation present in the domesticated house mouse. 43 The CC was specifically designed for the study of complex phenotypes like behavior. 44 In our study, we exposed females from 20 CC strains to 1 of 4 experimental diets prior to and during gestation and throughout the postnatal period until weaning. Strains were grouped into 10 pairs, and each strain within a pair was crossed with its CC strain partner, generating 10 genetically distinct types of reciprocal F1 hybrid female offspring (also known as recombinant inbred intercrosses, RIX). Based on this breeding strategy, all females within a reciprocal F1 pair were genetically identical except for the PO of the nuclear genome and, potentially, the mitochondria. These F1 females were subjected to a battery of commonly used behavioral models of psychiatric disorders ( Figure 1 ).
Our experimental design takes advantage of this unique and powerful mouse population to detect the effects of exposure to nutritional deficiencies, genetic background, PO effects and importantly, their interactions to alter behavior in adulthood.
| METHODS AND MATERIALS

| CC strain selection
Generation of CC strains has previously been described in detail. 42, 45 Briefly, CC are recombinant inbred strains created from 8 inbred lines from the 3 major Mus musculus subspecies, domesticus (A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ, NZO/HlLtJ, WSB/EiJ), castaneus (CAST/EiJ) and musculus (PWK/PhJ). CC mice were purchased from the Systems Genetics Core Facility (SGCF) at the University of North Carolina (UNC).
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The 20 CC strains used to generate the 10 RIX lines (Table S1 , Supporting Information; Figure 1A ) were selected using Rexplorer, a program developed at UNC for reciprocal cross strain selection 
| Perinatal diet exposure and breeding RIX lines
CC mice were purchased at approximately 4 to 5 weeks of age and acclimated for at least 1 week prior to diet exposure. After acclimation, dams were placed on 1 of 4 diets (Table S2 and see below) for 5 weeks. The average age at which dams were placed on the experimental diets was 41.4 AE 7.1 days. After 5 weeks on the experimental diet, dams were mated with a sire from a different CC strain to generate F1 offspring (Table S1 , Figure 1A ). The average age of dams at mating was 76.5 AE 7.3 days. CC dams remained on experimental diets throughout gestation and until litters were weaned, ensuring that the offspring were exposed throughout the entire perinatal period ( Figure 1B ). Sires were removed from the breeding cage once pregnancy was confirmed by visual inspection. We maximized the number of dams used in the study to ensure that behavioral observations in the F1 offspring were not attributable to a single dam. At least 3 dams per CC strain were used (Table S3) . We also used only the first litter per dam to avoid differences in reproductive parity and to minimize variation in timing of exposure to experimental diets.
Due to the large scale of this study, we did not cross-foster the F1 offspring; consequently, any observed PO effects could be due to genomic imprinting and/or maternal effects.
F1 offspring were weaned at postnatal day (PND) 23.1 AE 2.8 days onto standard laboratory chow (Harlan Teklad 2920; Envigo, Frederick MD, USA) Female offspring were co-housed with reciprocals to control for cage effects. Male offspring were provided at weaning to a collaborator and used for unrelated studies. 48 All mice were housed in a specific pathogen free vivarium and maintained on a 12-hour light/dark (LD) cycle with lights on at 7 AM.
All procedures and animal care were approved by the UNC Institutional Animal Care and Use Committee and followed the guidelines set forth by the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
| Nomenclature
The official name of each CC strain used in this study is provided in 
Preconception
In utero (C) FIGURE 1 Experimental design. A, Twenty different CC strains were used to generate 10 RIXs lines. Each RIX is a set of F1 reciprocal females that differ only in the parental origin of alleles. The CC alleles come from the 8 inbred strains (represented by 8 colors) that were used to generate the CC. Comparison of F1 reciprocal females within a RIX allows for detection of parent-of-origin effects. Comparison across RIX lines allows for detection of genetic background effects. B, Multiple dams from each CC strain were put on 1 of 4 diets (PD, ME, VDD and Std) for 5 weeks prior to mating, throughout gestation and the postnatal period. F1 females were weaned onto a regular diet and remained on that diet until the completion of behavioral testing. C, F1 females underwent a 2-week behavioral pipeline to assess anxiety-(OF, LD, SIH) and depressive-like (FST) behavior and stress response from both reciprocal crosses, (CC001/Unc × CC011/Unc)F1 and (CC011/Unc × CC001/Unc)F1.
| Experimental diets
Experimental diets were formulated by Dyets Inc. (Bethlehem, Pennsylvania): vitamin D deficient (#119266), protein deficient (7.5% casein; #102787), methyl donor enriched (ME; #518893) or standard control (Std; #AIN-93G). Table S2 shows the nutrient composition for all experimental diets. The PD and VDD diets were nutritionally matched to the Std diet. ME was matched to a methyl-donordeficient diet that was used in pilot studies and eliminated from these experiments due to the inability of dams to produce viable offspring when exposed to the diet. All diets were administered in pelleted form and were available ad libitum to the dams during the perinatal period. The amount of diet consumed by each dam was not recorded.
| Behavior assays
Only female F1 offspring were tested to ensure an identical genetic background, including the sex chromosomes, between reciprocal hybrids. All behavioral testing was performed during the light part of the LD cycle between 8:00 AM and 12:00 PM. Animals were assessed in adulthood (average age at initiation of testing was 68.2 AE 5.3 days). Mice were screened in a 2-week behavioral pipeline that con- Table S1 . Due to the large number of animals screened (N = 685), behavioral testing took place in 28 batches over a 2-year period. In each batch, we tested a minimum of 2 diet exposure groups and 2 RIX. Each RIX and diet exposure was distributed across at least 3 test batches to mitigate seasonal and batch effects. All testing equipment was cleaned with a 0.25% bleach solution between test subjects unless otherwise stated.
| Body weight
Female F1 offspring were weighed at weaning (referred to as PND 21) and again at the initiation of behavioral testing (referred to as PND 60). We did not weigh dams so as not to induce stress associated with manipulation during the perinatal period. 
| Open field
| Restraint stress
Restraint was used to elicit a stress response that was quantified by measurement of corticosterone (CORT) levels in the serum. A retroorbital blood sample was taken from unanesthetized mice to assess basal CORT levels, and then mice were immediately placed into a Broome-Style restraint tube (Plas Labs, Inc., Lansing, Michigan) for 10 minutes. Immediately upon removal from the restrainer, a second unanesthetized retro-orbital eye bleed was performed to assess stress-induced CORT levels (Stress CORT). Whole blood was centrifuged to isolate plasma and CORT levels (in ng/mL) were measured with a competitive radioimmunoassay (RIA) using the manufacturer's protocol (MP Biomedicals, Santa Ana, California). Stress CORT minus basal CORT levels (change in CORT or ΔCORT) was calculated to assess stress reactivity. CORT RIAs were only performed on RIX lines that had an N > 4 for both sets of reciprocal females within a diet exposure group. Therefore, RIX 04/17 ME, RIX 23/47 Std, RIX 03/14 ME and PD and RIX 35/62 ME and PD groups were excluded from these analyses.
| Missing data from the behavior pipeline
Equipment failure led to the loss of data from 14 females in the OF The entire dataset from this study will be deposited and made available in the Mouse Phenome Database (RRID:SCR_003212) for use in follow-up studies.
| Statistical analysis
All statistical analyses were performed using R Studio 1.0.136 or SPSS v24 for Mac OS X 10.6+. Graphs were generated using Graphpad Prism 7.0c for Mac OS X. 
| Analysis of breeding performance
| Correlation of behavioral phenotypes
The Hmisc 4.0-2 package in R Studio was used to generate coefficient and P values using Spearman correlation. 50 The P value threshold for significance was adjusted to P < .00026 to correct for 190 correlations. Correlation plots were generated using Corrplot 0.77 package. 51 
| Analysis of effects of RIX, diet and diet-by-RIX
To assess the overall effect of genetic background (also referred to as RIX effect or RIX in the text), perinatal diet and perinatal diet-by-RIX interactions, we fit linear-mixed models to the behavior of all mice.
Model fitting was performed using the lmer function from the lme4
1.1-12 R package. 52 Our 'base' model had fixed effects of RIX, diet, diet-by-RIX and random effects of dam, sire, and behavior batch (Equation (1); lmer notation, where "(1|term)" indicates a random effect).
For behavioral tests, additional random effects were added to the base model (Equation (1)) as needed. For the OF, LD and FST phenotypes, test chamber was also included (Equation (2)). For the SIH phenotypes, test order was added (Equation (3)) whereas for restraint test phenotypes both test order and experimenter were added (Equation (4)), as 2 people were required to conduct that test.
The same experimenter conducted all other behavioral assays across all batches.
P-values for fixed effects were calculated by type I ANOVA (sequential) tests, using the lmerTest 2.0-33 package 53 (see Table 1 for a list of all phenotypes). To account for multiple testing, P values within each type of test (eg, tests of diet) were subject to false discovery rate (FDR) correction, with q values generated using the Shiny implementation of the q-value R package. 54, 55 When a significant diet effect was observed (P < .05), between-diet differences were examined by a Tukey's honest significance difference (HSD) post hoc tests, with P values reported.
| Analysis of PO, diet and diet-by-PO effects within strain
PO, diet and diet-by-PO effects were assessed within each RIX, using linear-mixed models based on Equation (5):
where, a "Reciprocal" fixed effect term models PO effects and a "Diet:Reciprocal" fixed interaction effect models diet-by-PO. Equation (6) was used for OF, LD and FST phenotypes, Equation (7) was used for SIH phenotypes and Equation (8) was used for restraint stress phenotypes. P and q values as well as Tukey's HSD post hocs for significant diet effects were generated in the same manner described above.
| Analysis of variance explained by PO, diet and diet-by-PO effects within strain
The models from Equations (5) to (8) include random effects, complicating a typical percent variance explained computation. To overcome this difficulty, the random effects in Equations (5) to (8) were regressed out and a new simple linear model with only the effects of interest were fit, namely PO, diet and diet-by-PO effects. The percent variance explained was then calculated for each effect using the ratios of fitted sums-of-squares to total sums-of-squares from a sequential (ie, type 1 sums-of-squares)
ANOVA table.
3 | RESULTS
| Effects of perinatal diet exposure on reproductive fitness
Number of dams, percent productive matings and survival of pups to weaning, number of pups born, average litter size and sex ratio for each of the 20 reciprocal crosses are provided in Table S3 . CC014/ Unc and CC062/Unc became unavailable during the study (CC014/ Unc is now extinct; SGCF personal communication) 56 and we were unable to produce a sufficient number of RIX 03/14 and RIX 35/62 F1 females exposed to PD and ME diets. Therefore, RIX 05/40 was added to the study and perinatal exposure was limited to PD and ME diets.
Genetic background affected success of matings, average litter size and survival to weaning but not sex ratio (Table S4 ). Exposure to ME lead to decreased mating productivity in comparison with the Std diet (P = .05). We also assessed the effects of diet exposure and PO on breeding productivity between reciprocal crosses of each RIX line
(P values are provided in Table S4 ). There was a PO effect on percent productive matings and average litter size for 6 of the RIX lines. PO differences for percent survival to weaning were observed for 4 of the RIX lines. Only one RIX differed by PO for sex ratio (RIX 01/11).
In 5 of the reciprocal crosses, PO affected multiple measures of breeding success (Tables S3 and S4 ) but many of these effects seem to be diet-dependent. In RIX 01/11, CC001/Unc dams had more productive matings but fewer pups survived until weaning than CC011/Unc dams. Additionally, CC001/Unc dams had litters with a skewed sex ratio in favor of females compared with litters from CC011/Unc dams, although this finding appears to be specific to dams on the ME diet. In RIX 04/17, CC004/TauUnc dams had larger litter size and more pups that survived to weaning compared with CC017/ Unc dams. However, reduced survival of pups from CC017/Unc dams was primarily observed in dams given a ME diet. In RIX 32/42, CC032/GeniUnc dams had more productive matings, larger litters and more pups that survived to weaning compared with CC042/GeniUnc dams. However, decreased survival of pups from CC042/GeniUnc dams was primarily observed in dams exposed to PD diet. There was also a significant difference of sex ratio, dependent on diet exposure in RIX 32/42. CC042/GeniUnc dams exposed to ME diet had litters with more males and dams on VDD diet had litters with increased numbers of females compared with CC032/GeniUnc dams.
| Correlation of behavioral phenotypes
Spearman correlations between the 20 phenotypes measured in this study are shown in Figure S1 . We observed the highest correlations among phenotypes measured in a single behavioral assay. However, we also observed significant correlations across behavioral assays. Locomotor phenotypes were positively correlated in the OF and LD assays ).
| Overall effects of genetic background, perinatal diet and diet-by-RIX
A linear-mixed effects model was used to assess the overall effects of genetic background (RIX), perinatal diet and diet-by-RIX interactions. Table 1 presents the P and q values for each of the 20 phenotypes assessed in the 5 behavioral tests.
| Genetic background affects all phenotypes
We assessed effects of genetic background across the 9 RIX lines, collapsed across diets, and found significant effects of RIX on all behavioral phenotypes (Table 1 ).
3.3.2 | Perinatal exposure to PD and ME alters body weight, body, temperature and behavior in adulthood ; Figure S2B ; Table S5 ) and at the onset of behavioral testing
; Figure S2D ; Table S5 ). These data indicate that the effects of perinatal diet on body weight persisted into adulthood, well after exposure to PD and ME had ceased.
| Body temperature
ME-exposed females had a lower basal temperature relative to all other groups (P = .0002, q = .001; Figure 2B ; Table S5 ). Basal temperature in PD-exposed females did not differ from the other 3 groups, suggesting that basal temperature is not necessarily associated with the body weight changes described above (ie, lower body weight = normal basal temperature for PD and decreased basal temperature for ME).
| Anxiety-like behavior
Perinatal diet affected 2 measures of anxiety-like behavior: percent time in the light compartment in the LD test (P = .048, q = .096) and stress-induced temperature in the SIH test (SIH-T2; P = .0002, q = .001). ME-exposed females spent less time in the lighted compartment compared with all other groups although this difference was only significant in comparison with VDD-exposed females (Table S5) . MEexposed females also had a lower SIH-T2 temperature compared with all other groups, although this difference was only significant in comparison with females exposed to PD (Table S5 ). However, ME-exposed females were not significantly different from other diet groups for SIH change in temperature ( Figure 2E ). Therefore, the significant difference in SIH-T2 in the ME-exposed group may simply reflect differences in body temperature rather than response to the stressor.
| Basal stress and stress reactivity
Perinatal diet altered basal CORT (P = .038, q = .085; Figure 3B ), stress-induced CORT (P = .003, q = .010) and change in CORT (P = 2.1 × 10
, q = 1.4 × 10 −4 ; Figure 3E ). PD-exposed females show significantly greater stress-induced CORT and change in CORT ( Figure 3E ) in comparison with both ME-and VDD-exposed females (Table S5) . Post hoc comparisons did not identify any significant differences in basal CORT among the experimental diet groups.
3.3.3 | Genetic background interacts with perinatal diet to alter body weight, stress response and anxiety-like behavior
Fourteen of the 20 phenotypes exhibited significant diet-by-RIX effects based on P value, whereas 13 had a significant q value. Body weight, basal temperature, anxiety-like behavior and stress response all show a diet-by-RIX effect (see Table 1 ). In order to investigate these interactions, we analyzed each RIX independently to examine which genetic backgrounds were altered by perinatal diet and to determine if the diet-induced changes in a RIX matched the overall diet effects reported above. P and q values along with Tukey's post hoc analyses of diet effects within a RIX are reported in Table S6 .
| Body weight
There was a significant diet-by-RIX effect on body weight at weaning (P = 1.5 × 10 ; Figure S2A ) and in adulthood (P = .002, q = .004; Figure S2C ). were examined in this line.
| Stress-induced hyperthermia
All 3 measures from the SIH assay showed a diet-by-RIX effect; basal temperature (P = 3.6 × 10 −7 , q = 1.4 × 10 −6 ; Figure 2A ), stressinduced temperature (P = .008, q = .018) and change in temperature (P = 2.6 × 10 −4 , q = .001; Figure 2D ). Five of the RIX lines showed Figure 2C ,F. RIX 01/11 females exposed to PD showed increased basal temperature and a decreased change in temperature in response to stress while RIX 06/26 females exposed to a PD diet had a lower basal temperature and an increased change in temperature in response to stress. These data show that the effects of perinatal diet on basal temperature and stress-induced temperature change, a physiological measure of anxiety, are dependent on genetic background.
| Basal stress and stress reactivity
Basal CORT (P = 1.5 × 10 −10 , q = 1.5 × 10 −9 ; Figure 3A ), stressinduced CORT (P = 2.7 × 10 ; Figure 3D ) all showed significant diet-by-RIX effects. Diet had no effect on change in CORT in resulted in increased CORT ( Figure 3C ). Collectively, these data show that the effects of perinatal diet on basal stress and response to a stressor are also dependent on genetic background.
| PO effects on behavior
A linear-mixed effects model was used to assess the effects of PO, by comparing reciprocal females within each RIX line. We report P and q values for PO in Table 2 . RIX 32/42 was the only line that showed no effect of PO on behavioral phenotypes. , q = .001). There was an overall effect of perinatal diet on (B) basal temperature (P = .0002, q = .001) with ME-exposed females showing decreased basal temperature compared with PD-exposed females (post hoc ***P < .001; N = 157, 177, 170, 180 for PD, ME, Std and VDD, respectively). (E) No significant overall effect of diet was observed for change in temperature (P > .05). An example of a diet-by-RIX interaction is shown for (C) basal and (F) change in temperature. C, RIX 01/11 PD-exposed females (N = 31) show increased basal temperature (post hoc P ≤ .02) and (F) decreased change in temperature in response to stress (post hoc P ≤ .03) compared with Std-exposed females (N = 28). C, An opposing effect is seen in RIX 06/26 wherein PD-exposed females (N = 12) have decreased basal temperature (post hoc P < .01) and (F) increased change in temperature in response to stress (post hoc P ≤ .009) compared with Std- 
| Perinatal diet interacts with PO in certain genetic backgrounds to alter body weight and behavior
We were particularly interested in assessing whether perinatal diet would induce behavioral differences between reciprocal females within a RIX. We found 18 significant diet-by-PO effects based on ). There was an overall effect of perinatal diet on (B) basal CORT (P = .038, q = .085) although post hoc tests showed no significant effects. E, There was a significant diet effect on change in CORT (P = 2. P value, although none were significant after multiple testing corrections (based on the q value; Table 3 ).
A significant PO effect for stress-induced CORT was observed in RIX 06/26 ( Figure 6A ). The PO effect is driven by a significant difference between CC(06 × 26)F1 females exposed to ME relative to other diets (post hoc P ≤ .001; Figure 6B Figure 7A ) was due to increased weight in VDD-and Std-exposed CC(04 × 17)F1 females compared with ME and Std (post hoc P ≤ .01), a diet effect not observed in CC(17 × 04) F1 females ( Figure 7B ). Only one RIX showed a significant diet-by-PO effect on adult body weight ( Figure 7C,D) only. VDD-and Stdexposed CC(11 × 01)F1 females weighed more than CC(01 × 11)F1 females (post hoc P ≤ .02; Figure 7D ). Only one RIX showed a significant diet-by-PO effect on body weight at both weaning and in adulthood. CC(06 × 26)F1 females weighed more than CC(26 × 06)F1 females at weaning ( Figure 7E ). This effect was due to a difference in the ME-exposed groups across reciprocals (post hoc P ≤ .01; Figure 7F ). In adulthood, CC(06 × 26)F1 females still weighed more than CC(26 × 06)F1 females although this effect was no longer significant ( Figure 7G ). However, there is still a significant diet-by-PO effect, and the distribution of diet effects on adult weight is similar to the distribution at weaning ( Figure 7H ). Collectively, these data show that body weight is strongly influenced by perinatal diet in a POspecific manner across different genetic backgrounds.
| Variance explained by PO, diet and diet-by-PO effects
Within each RIX line and for all 20 phenotypes measured, we assessed the percent variance explained by the effect of PO, diet and diet-by-PO (Table S7 ). Of particular interest in this study was the variance due to PO effects as PO effects on behavioral phenotypes are seldom reported. For phenotypes that exhibited a significant PO effect, variance explained ranged from 4% to 59%. Body weight at weaning in RIX 23/47 had the highest variance explained by PO while basal CORT in RIX 04/17 had the lowest percent variance explained by PO. For any given phenotype, however, variance explained depended on genetic background (Table S7) significantly affected all phenotypes, whereas perinatal diet exposure affected fewer phenotypes-namely body weight, basal body temperature, anxiety-like behavior and stress response-but all in a manner dependent on genetic background. We also found significant PO effects in 8 of the 9 RIX lines and for a variety of behavioral phenotypes. To further investigate PO effects, we examined the interaction of PO with diet, identifying a small number of diet-by-PO effects; notably, body weight showed consistent diet-by-PO effects across 7 of the 9 RIX lines. Our data show that rodent behaviors that model 
| Genetic background effects
Significant effects of RIX were observed on all 20 phenotypes. This result was not surprising given that these phenotypes have a genetic component and the genetic backgrounds we tested covered a broad range of genetic diversity. The CC was designed to maximize genetic diversity and our choice of CC strain pairs in the 10 RIX lines was intended to maximize genetic heterozygosity so as to include novel combinations of alleles from the 3 major subspecies of M. musculus. The genetic diversity of the CC population resulted in an expanded phenotypic range relative to that observed in standard inbred strains (ie, Mouse Diversity Panel). [57] [58] [59] [60] [61] The wide range of phenotypes in the CC has also led to the development of stable models of human disease not previously observed in traditional inbred strains. 62 Our RIX lines also included showed decreased CORT levels following a restraint stress (*P = .02, q = .15) which resulted in (G) decreased change in CORT compared with CC(35 × 62)F1 females (N = 10), although this effect did not reach statistical significance (P = .07). Stress response is only reported for females exposed to VDD and Std due to the low N for ME-and PD-exposed groups clear phenotypic outliers. For example, RIX 41/51 and RIX 04/17 F1 mice were outliers for novelty-induced locomotion as measured in the OF and LD tests ( Figure S5 ). Based on the literature linking novelty-induced locomotion with addiction-related behaviors, 63 we are currently investigating these 2 lines in rodent models of addiction.
| Diet effects
Although we chose perinatal diet as our environmental challenge based on existing literature in humans from the Dutch Hunger Winter and Chinese Famine, 2,5,10 we acknowledge that we are not modeling human perinatal nutritional exposures per se. Rather, we are using these experimental diets as tools to induce behavioral changes based on evidence from published data in animal models, 20, 23, 32, 64, 65 as well as data from our laboratory (Oreper, Valdar and Tarantino, personal communication). Our study was designed to compare phenotypes across diets and across genetic background rather than comparing each diet to a standard or treated animals to controls.
| Effects of methyl enrichment
DNA methylation is an important mechanism for regulation of gene expression and is dependent on the availability of methyl donors mainly from diet. 66 Disruption in DNA methylation has been implicated as a mechanism for increased risk for complex diseases, including psychiatric disorders. 67 In our study, we exposed animals to methyl donor (choline) enrichment (Table S2) . Perinatal exposure to ME resulted in lower body weight at weaning and adulthood, decreased basal body temperature and increased anxiety-like behavior in the LD test.
Choline supplementation during development is thought to be neuroprotective 68 and is commonly used in animal models to 'rescue' Error bars are SEM. There was a significant diet-by-PO effect on stress-induced CORT for RIX 06/26 (P = .018, q = .14). Post hoc analysis showed that within CC(06 × 26)F1, ME-exposed females (N = 5; ***P ≤ .001) had increased CORT compared with PD (N = 6), Std (N = 9) and VDD (N = 9) exposed females. No diet effects were observed within CC(26 × 06)F1 females (N = 5, 5, 11 and 14) . This resulted in a significant difference between ME-exposed reciprocal females ( ## P ≤ .01) ).
We found that exposure to perinatal ME increased anxiety-like behavior in the LD test. Our findings are in contrast to studies in rats in which choline supplementation decreased anxiety in the LD 65 and OF tests. 64 However, the increased anxiety-like behavior we observed in ME-exposed females was specific to certain RIX lines, or genetic backgrounds (Table S5 ). Very few studies have examined the effect of methyl supplementation in different genetic backgrounds.
Notably, one study comparing BTBR T+ltpr3tf/J (a mouse model of autism-related behaviors) to C57BL/6J mice did report differences in these 2 strains in response to perinatal choline supplementation on anxiety-like behavior in the elevated plus maze. 39 
| Effects of PD
Proteins play a key role in brain development as they serve as key neurotransmitters and hormones. PD during the perinatal period has been used to induce intrauterine growth restriction and alter behaviors that model psychiatric disorders. 74 In our study, perinatal PD led to decreased body weight at weaning and in adulthood. The findings of decreased weight at weaning are consistent with previous reports in rats 27 and mice. 29, 30, 32 However, the persistence of weight deficits into adulthood has not been consistent across studies. 27, 32 We also observed increased stress reactivity in response to perinatal PD-a finding that is consistent with previous studies in rats exposed to PD in utero. 33, 75 Previous studies have also reported increased depressive-like behaviors in response to perinatal PD.
29-32
We did not observe any changes in depressive-like behavior in the FST in response to PD exposure. Nor did PD exposure alter anxietylike behavior in the OF, LD and SIH assays. This finding is not particularly surprising given that the effects of exposure to PD on anxiety- , q = 3.0 × 10 −4 ; N = 44, 39) and (B) diet-by-PO effect (P = .01, q = .19) on weight at weaning in RIX 04/17. Post hoc showed that CC(04 × 17)F1 PD (***P ≤ .001) and ME (**P ≤ .01) exposed females weighed less than Std and VDD groups (N = 12, 6, 12, 14) and within CC(17 × 04)F1, only PD-exposed females weighed less (**P ≤ .004; N = 9, 2, 15, 13). Reciprocal females in the Std and VDD exposure groups also differed ( ### P ≤ .001). For weight in adulthood in RIX 01/11, there was a (C) PO effect (**P = .01, q = .14; N = 54, 63) and (D) diet-by-PO effect (P = .03, q = .32). Post hoc showed that CC(11 × 01)F1 females exposed to PD (**P ≤ .002) and ME (*P ≤ .03) weighed less than Std and VDD groups (N = 12, 14, 17, 11) while within CC(01 × 11)F1 there was no effect of diet (N = 19, 13, 11, 20) . Std ( # P = .03) and VDD ( # P = .02) exposure also differed across reciprocal females. In RIX 06/26, there was a PO effect on (E) weight at weaning (*P = .03, q = .12; N = 36, 30) and a similar pattern in (G) adulthood (P > .05) and a diet-by-PO effect on (F) weight at weaning (P = .04, q = .15) and (H) in adulthood (P = .04, q = .15). F, Post hoc showed that CC(26 × 06)F1 females exposed to PD (***P ≤ .001) and ME (**P ≤ .003) weighed less than Std and VDD groups (N = 6, 5, 11, 14) while in CC(06 × 26)F1, only PD-exposed females weighed less (**P ≤ .006; N = 6, 5, 10, 9). Across reciprocal females, ME-exposed groups differed ( ## P = .01). (H) Post hoc tests showed that CC(26 × 06)F1 females exposed to PD (*P ≤ .04) weighed less than Std and VDD groups but within CC(06 × 26)F1, PD-exposed females only weigh less than VDD (**P = .003). CC(26 × 06)F1 females exposed to ME and Std also differed (*P = .02) like behavior have been equivocal across published studies. 30, 33, [75] [76] [77] [78] We did observe a significant diet-by-RIX effect on all 3 measures of anxiety-like behavior and stress response (Table 1) . These data in combination with conflicting results in the literature support a hypothesis that the effects of exposure to PD on anxiety and stress response are dependent on genetic background.
| Effects of VDD
Vitamin D is well known for its role in calcium homeostasis and bone formation, but it is also a neuroactive steroid involved in brain development and function. 79 Exposure to VDD during development is hypothesized to increase risk for schizophrenia. 80 As such, the effects of VDD during the perinatal period have been studied in rodents using behavioral models of schizophrenia.
In the present study, we observed very few overall effects of exposure to perinatal VDD. We considered the possibility that VDD diet exposure was not reducing endogenous vitamin D by the amount expected. It has been shown that exposure to unfiltered fluorescent lighting can induce production of endogenous Vitamin D 3 in laboratory animals 81 and we did not filter the lighting in our vivarium. However, we did observe significant decreases in serum vitamin D levels in VDD-exposed dams from several of the CC strains used in this study. 48 Previous studies have assessed the role of VDD exposure on the stress axis in rodents and have reported either no effects 22 or increased CORT levels. 82 In our study, exposure to VDD induced RIX-specific alterations in basal and stress-induced CORT ( Figure 3C , F) supporting a role for vitamin D in moderating the stress system.
We also considered the possibility that the behaviors examined in this study are not particularly sensitive to perinatal VDD exposure.
However, the literature does report hyperlocomotion in rats exposed to VDD 20-22,24 and we did not observe an overall or RIX-specific effect of VDD exposure on locomotion in either the OF or LD test.
| Perinatal diet effects depend on genetic background
Our data highlight the importance of genetic background on the expression of body weight, basal temperature, anxiety-like behavior and stress response following exposure to perinatal dietary manipulations. We acknowledge that our assessment was limited to a small number of behaviors and did not include several that have been previously reported to be altered by perinatal diet (ie, learning and memory tests, response to psychostimulants, sensorimotor gating).
Regardless of the limitations in behavioral assays employed, our data highlight the need to consider genetic background when investigating the role of perinatal diet exposure.
| PO effects on behavior and physiology
We found PO effects in 8 of the 9 RIX lines for a number of behavioral phenotypes, body weight and basal body temperature. Although there are many studies that utilize F1 mice, few have used reciprocal F1 hybrids and even fewer have assessed the effects of PO on behavioral phenotypes. There is, however, a vast literature assessing the role of known imprinted genes on growth, physiology and behavior via reverse genetic approaches such as overexpression or gene knockouts (KO) (for a thorough review see Reference 18) . Relevant findings from these studies will be discussed in relation to PO effects we observed.
| Body weight
PO effects were observed for body weight in 6 RIX lines and in 4 of these lines, body weight differences persisted from weaning into adulthood. This result is not surprising, given the vast amount of literature implicating imprinted genes on growth. 18 Additional studies are necessary to determine whether the specific genes responsible for body weight PO effects in our study are known imprinted genes or new genes. Of note, in this study we assessed body weight but no other measures of growth (ie, body length). Follow-up studies using both body mass and body size measurements are necessary to determine whether strain, diet or PO effects on body weight were due to the changes in the actual size of the mice (ie, length) or reflect only weight differences (ie, overweight or underweight).
| Locomotor behavior
We found PO effects on locomotor behavior in 4 of the RIX lines. In 2 of these RIXs, we also observed PO effects on body weight, although the relationship between body weight and locomotion is opposite in the 2 RIX lines (RIX 06/26 vs RIX 05/40, Table 2 ). Hyperactivity, body weight and metabolism have been linked previously in studies manipulating the imprinted genes Asb4 83 and Kcnq1.
84,85
These RIX lines can be examined in follow-up studies to determine whether locomotor activity and body weight PO effects share a common genetic basis.
| Anxiety-and depressive-like behaviors and stress response
We found a consistent PO effect among RIX 03/14 reciprocal females on anxiety-and depressive-like behavior (Figure 4 ). Interestingly, these behavioral phenotypes are very similar to that observed in KO mice for the imprinted gene, Sgce. Sgce KO mice display increased anxiety-like and exploratory behavior in the OF and increased depressive-like behavior in the FST. 86 There is also an abundance of evidence from the literature that establishes a role for imprinted genes such as Sgce, Nesp55, Htr2a, Peg3 and Snord116 in mediating anxiety-like behavior. [87] [88] [89] [90] Studies also show a role of Nesp55 in mediating addiction-related behaviors. 89, 91 It would be interesting to assess PO effects on addiction-related behaviors in RIX 03/14 females.
RIX 35/62 reciprocal females displayed PO effects on anxietylike behavior and stress response. Two other RIX also displayed PO effects on measures of stress response. A previous study using F1 reciprocals of spontaneously hypertensive rat and Wistar-Kyoto rats reported a PO effect on the cardiovascular activity in response to an acute stressor. 92 A recent study also reported PO effects on stress reactivity using reciprocal F1 of C57BL/6J and 129S1/SvlmJ mice. 93 These studies, together with our findings, indicate that further work is needed to examine the HPA axis in regards to imprinted gene functions and other effects due to PO.
| Perinatal diet interaction with PO
We identified perinatal diet-by-PO effects on body weight, exploratory behavior, basal temperature, anxiety-and depressive-like behavior and stress response. PO effects on body weight were the most severely affected by perinatal diet, as evidenced by our observation of diet-by-PO effects in 7 of the RIX lines (Table 2, Figure 7 ).
Although we cannot directly compare our diet-by-PO findings on behavior with previously published studies due to methodological differences, there are a few studies that have reported changes in imprinted gene expression due to perinatal diet alterations, which might indicate a mechanism for these effects. We assessed the variance explained due to PO to obtain a sense of the importance of these effects on the phenotypes measured. On average, variance explained by PO was less than that explained by strain. In fact variance explained by PO effects depended on both strain and the specific behavioral assay, ranging from 4% to 59% (with the highest value for body weight). Nonetheless, it is important to note that within RIX comparisons describe differences between 2 experimental groups that are genetically identical and differ only in the parental origin of the genome and the maternal environment; therefore, even small effects can be biologically relevant and useful for developing interventions and treatments.
Although we focused our discussion on imprinted genes, we acknowledge that they are likely not the sole source of the observed PO effects. Future studies examining gene expression in these RIX lines will likely help identify specific genes responsible. We expect that some of these genes will be at known imprinted loci, while others will be novel in the context of behavioral effects. Additionally, PO effects can be due to maternal effects independent of imprinting, 94 and further studies will be necessary to disentangle their respective contributions to the PO effects observed in this study.
Lastly, our study illustrates how the CC and RIX lines derived from the CC can provide an ideal experimental model for jointly examining genetic background and PO, being reproducible, genetically diverse and uniquely designed to support systems genetics studies. 
